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FOREWORD

This report was prepared by U' Science and Technology Division of j
TRW Systems Group. TRW, Inc. The -vork was performed under the Air
Force "_Aro Propulsion Laboratory, Project 3141, Task 314101, during
the period 7 Augast 1967 to 28 July 1969. The report is submitted in
accordance with the provisions of Air Force Contract AF33(615)-3729,
"Resistance Jet Attitude Control and Stationkeeping System Development." I
Messrs. A. T. Molisse and J. W° Geis served as Air Force Project
Engineers. The principal contributor to this report was Mr. W. F. Krieve.
This report was submittcd February 1969.

Publication of this report does not constitute Air Force ipproval of
t~e report's findings or conclusions. It is published only for the exchange
apd st-mulation of ideas.

RG .y Major,US
(hief, Propulsion and PowIV Branch
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AP•STRACiT

This report describes a life test of an attitude control and station
keeping subsy-tem which uses an electricaliy-heated av~monia propulsion
system. A high-performance ammonia thruster and a zero-gravity
aamonia feed system were operated in response to the stimulus oi control
electrooics typical of future military spacecraft. This test was a continua-
tion of a successful one-month demonstration test performed as the final
task of a system development program. !n total, the test was continued
for a period of 752 days, during 540 days of which the system was eper-te4_
cloced-loop. The feed system was operational for the entire test period.
It successfully regulated delivery pressuxe to witJdin a 3 percent deadbid
under a wide variety of environmental and duty cycle conditions. 'hree
different four-nozzle thrusters were tested, two of which fi!td dA. ,o

annmonia corrosion altor periods of 5 and 3-1i/2 monkhs. The test of the
third thruster was terminated after a 6-L-Ynth period of successful opera.
tion. No ammonia corrosion was evident. The thruster characteristics
included a delivered specific imp113e of 240 seconds at 1500 0 F. A p'.wer
leve! of 14 watt@ wasv required to mainta-I this temperature with no flowv.



CONTENTS

Page

1. INTRODUCTION .............................

2. SUMMARY OF THE PREVIOUS PROGRAM ............. 3

3. LIFE TEST.................................... 7

3.1 Control Electronics ........................ 7

3.2 Thruster .. ................................ 7

3.3 Feed System .. ........................... 21

3.4 Overall Test System . .........................

3, Test Operatio.n ............................ 30

4. LIFE TEST RESULTS ........................... 36

4. 1 Control Electronics Test Resul.• ................ . 39

1. 2 TVi•rster T'Npt t........... ........ ......... 41

4.2. I First ACSKS Thruster Test Results .......... 4i
4. Z. Z Second ACSKS Thruster Test Results ......... 45
4. Z. 3 Third ACSKS Thruster Test Results ......... 45

4.3 Ammonia Feed System Test Results ............. 51

5. THRUSTER POST-TEST ANALYSES ................. 57

5. 1 First ACSKS Thruster ........................ 57

5.2 Second ACSKS Thruster ...................... 67

r , Th•iiter Analyseq Gonclusio--• ....................

6. CONCLUSIONS AND RECOMMENDATIONS ............. 71

6. I Control Eiectronics Lonclusione .................... 7i

6.2 Thruster Cc-nclusion ........................ 71
6. 3 Feed Syjterni Co•ný_ uscn.t •. 7z

R .E 1 '-! EN S t ..... ..... ............ .... ...... 74

I

II

|..



ILLUSTRA TICNS

Page

A .inole AN-As Controller Schematic .................. 8

z Valve Dtiver Circuit ........................... 9

3 Single-Ai Controller and Valve Driver ................. 10

4 Th Ansrsmblv-, AGSKS -I .......................... 13

5 Are•blhA.d Thruster, ACSKS . ................ 15

o arriHleater iaement.......................... I f

7 Thrust>: Core Assenbly, ACSKS-Z .................. 17

8 Thrustr.ý Core, ACSKS-3 ......................... 18

9 Rr-, .xaining ............ I . ...................... 19

,- 3 ..................... 20

1I ThImte:- Assembly, ACSEB -3..................... 23

1 .. .... A C -SK ed Systm Schenat..c .................... 25

13 AC3XCSU•c'ed System ........................... 26

14 Peed System Switching Circuit ............... Z6

15 Test.k Diagram ......................... 8

16 Integr•strd Test Layout ...................... Z9

47 Denmonstration Tent S7stem, Front View .............. A

18 Demonstration Test System, Side View .............. 32

19 Tes:t Blrck Diagram, Pulsing Circut ................ 33

20 Thrustee -- Test Str-id Unit ......................... 35

zi Life Tet Operalozal alsery........................... 37

22 Phase-VlAno POLt lor Attitude Coitrol ................... 40

23 ThruSter ThPrra) Performance, ACSKS -1 ........... 41

Z-4 Thzuster- Perhrra-,e, ACSKS -1 ................. * 43

2.5 ZforertwLIal Expansion of Thruster Core tad Outer Shield 44

Vi



ILLUSTRA TIOAS (•ontinued f
,6 Thruster Thernil Perform&nce, ACSKS -Z.. ........ 40'

Z7 Thruster Thermal Lose, ACSKS -2 ................. 46

28 Thruster Thermal Performance; ACSKS -3 ........ 48

Z9 Thruster Performance, ACS!"S -3 .............. 48

30 Thruster Perfoxtance, Second Oxidation, ACSKS -3 50

31 Th-uster Performance, Third Oxidation, ACSKS -.3 ...... . i

32 Peed System Delivered Pressure, Z4 Hours ............ 55

33 Post-Oerati-,jal AC$KS -1 Thruster Core.............

A PropellaLt Flow Tube ........ ...... ......... 59

ý5 Sectioned Thruste:- Cor-, A.CSKS -i ............ .... 60

36 Taruster Core Section, ACSKS -1 ............... 60

37a Iow Tube Cross Section- Entrance End.............. 6.

.- b Flow Tu.be Crois Section--One Third of Cec-il h... 64

37C Filo " Tube ,"ro~s S-ction. Two Third-s of Cui l ... .t

t~ C oe -!eater Iiev:.A.e. . .v. .64

38 S-otion'ed r~p~ f Heat-,e�-_.llt AnbE.vvn ... .............

40 Midcore Thrurter 5--"ticn, ACS!. -.. ... .. ,... . 6

41 E'n-ranc-C, &f!n ý'-,II



•I. INTRODUCTION

Thihb rr--ort df'scribes tne •woilk perform-d by TRW Systexws. on ,The

life test oi an Attitude ,Control and Station Neeping Bubsyatem (ACSKS3)

which u-es an electricaildl-her-ted anvnonia propulsion n-rsatcm. The .effort,
wvhich nccurred during the period 7 August 1967 to ?6 3tly 1969, ws

supported and directed b- the Air Fore; Aere Propulsion Laborattiýr

(AFAPL) under Contract AF33(61'5)-3729.

The AC-KS comprises: (11 an atti'.ud -control and station ket-ping

electronics un't, (2) resialively etated ammonia hrustsers, aud (3, a zerc

gravity ammonia feed system. The o-diiectives of the progranm were to

dete--mne experimentally the long-tea-,n operating characteristics and

reliability of a high-perfornmance u7)syastea e iIch intcgrates these 2ele-

mentts in a rnirnner typical of future -spacecraft applicatl:ans and -to im-iple-

mnent design changes to Pchieve the desired -performance characteristica.

Following the successful :ompl•--ion tf the design, deveioLament and

demonstration testing of a hieg.performance -attitude control and station

keeping ai. )systeir. (Reference 4) the subsystem. wrs subjected to a leng-

term life test. T•he total life test period, including the demonstratieo' test,

extended through a time period of 752 days. Of this time period, the

ACSKS coznponents were operated in closed loop for 540 days. Daring the

course of the life test, several problemas were encounte-ed -%iC the com-

patibility of thruster -nal.erials.- Solutions to these problems were found

as a result of data obtained 1=om post-operative analyses of thrusters and

from a materials compatibility test program initiated concurrevtly wii~I

the life test program.

The att[l~ade control electronics unit and zero-gravity feed syste=

were operated successfully during the -entire life test. Thc t'hruster,

after modifications as indicated by independent tests, was operated

successfully during the final 80-day period of the life test. The :attitnde

control electronicr demonstrated the capability of maintaining a pointing

acc uracy of :0. 1 degree. The thruster demonstrated -the capalility of

delivering a speclfic impulse of 240 seconds when operated at 1 500 0 F.
The povwer recpaired to maintain this temperature -was 14 watts. Thse thrust

level was varied within the range of 0. 00 to 0. 030 pouni. There w-as :

.1
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-att degradation in thruster thermal per.forman-'e resulting fr•n•n

insulatxicn contarninaticn in tie test charnbeiý. The zero-gravity armonia

feed detno.-i d traced t•he capability of maintaining a pressure control

lihit ef *1. 5 percent arwund the nomAnal delivery pressure. These cor.trol

in-mite were indepen-dent of fbw dermands required by the various operating

rnod~ det•;r~i for the Titiol. The nominal delivery pressura

reqtired by tie i•fferent thriaters ro rnaiitain a thrust level of 0. 020 pound

were in the range of 30 to 35 psi.•

I

I
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2.SUNWAMAY OF TH~E PREVIOU3S PROGRAM

* ~The life test phase of the ACSKS program was Iimiated to dteftuia.

the long-term operating chartcteristics of an atttude coatrol and st~eaJ ~keeping subsystem which u9e2 an electrically-heate anuomia prW timo

system. 7his phase was a continuation of a program tLat initially 1nchWude

the design, development, and demonstration test of an attitude central ma"d

statio-i keeping subsystem. In the first phase of the program. which is
reported in Reference 1, a mission analysis was performed to define a

general class of spacecraft missions of interest, determine their attitude

control and stati-on keeping requirexneets, and establish a method by which

an arnmoniL electrotherinal propulsion system could meet these require-

were!

* Altitude. Earth synchronouix

e Thrust range-, 0. 005 t-- 0. 050 poundI' AGSKS maeimum we! ght: 100 pounds
o ACSKS r-axinxum power ctinsuniption: 100 watts

* Total impuls l t) 10, 000 lb-sec

% \4immum, life: I year

a 3olar array a~rea- 100 ft~

* Stabili/-tion m-ode- Three-axis

In addition to the mission analysis, a control tee-1nique survey was

pe rformied to deterniuiie the be st tvpe of electronic con4 rol logic to per-

fortr the mission- rerfairerr~eht. As 1%resta,ýlt of this survey, the pulse

raiorrwfuair iR' po3chwm el -ia th'e Totsuirabie canr*

0cu~~ r.madm th reaction- Jet pu~ises.

3, canrlie;ic-. 6Thee-axis attituide control and atatioti keceping subsystem

txls 4esgnd o rneet the selocttd rnissionrj eqirerr~ents. 'The subuysterra

ha.ý tbi of r-Aitsining an earthi poin ting accniraczy of *0

~-=~ ae~ ~-~aiihid ao ut -of-piane/I.atit de rtatior, keep-ing

ID0 &c::vr 43ayr, arid provides th*ý rempired, impulse to remove initial

o1-te. ,rrer-nz, and rates to a,7heve ar.uig.Ltior.



The thrusters selected for the subsystem were rs- stively ht-ated, £

thermal-storago device.. Four thrusters ware requiked foi the subsystem

aW each •hustor contained four nozsles located in a plane as mutually

otthoaal. in-nia, opposed pairs. Each noszle was dsaigned to develop

0. 020 poud of thrust at either ambient temperature or any temperature

between 300o and o7so00, The amnbient temperature represents the con-

ditlo of so power to the thruster, while the temperature range of 15000

to i150° F is the condition when the heater element is energized directly

frwm the spacecraft bus voltage. The thruster3 ;:se vapor-phase am:n,•i•

as the propellant. They have the cap:,bility of increasing the propellant

temperature when operated in the heated mode and also dtcomposing the

ammonioa into molecular hydrogen and nitrogen. The thrusters are opera-

ted in the cold gar mode during initial acquisiticn when the duty cycle may

be hfgh. During normal mode control, the thruster duty cycle will be low;

thus, they can be operated hot and deliver peak specific impulse. The

maximum hot duty cycle, 2 percent, is required for station keeping.

The ammonia feed system was designed to supply vapor phase

ammceia to the thrusters. It was comprised to two storage tanks, each

with an independent flow and pressure regulation system. the maximum

flow demand that the feed system was reqmired to supply was 4 x 104 lb!

sec. This maximum demand was to occ,: during a.-quisition for a period

of approximately 300 seconds. The rndrmznum ammonia st..rage tank

pressure during this 3e_-e--d f!!,. period was assumed to 86 psia. The

nominal delivaV pressure to the thrusters was designed to be 30 psia

with a nominal deadband of *1. 0 psi. Tank pressure variations during

th7e entire rmission were expected to be between 60 psia and 214 psia.

During the design and deveor•en•t* pha_: . .• ?--ram, % complete

three -axis control system was simulated 'y an analog computer. Corn•-

mand torques from the thrusters and inertia properties of the spacecraft

were also simulated. T'I acquisition, attitKude control, and station keeping

behavior of the ACSKS was examirned within a range of different initial

displacement and rate inputs, disturbance torques, and station keeping

rates. The results of these tests are reported in Reference i.

4



SA) serie of thruster design sualysos w.-e periornisa to Aoetw~itat
(a) insulation configuratlobs that would result it ivkxmun &*rnh I-U.se*#
and (b) a flow pausage design that would resaft in nearly aaaple d4 ,•.

?position of the ammonia when the thruster was operaftd in'theeeod MWA~ia
- Prototype thrusters were fabricated and design verificsditn teests -.

performed. In addition to these tests, heater element tests were i na/ d

to determine the operating characteristics and life expijeittey of vatlc*#

heater element materials and element configurations. Materiels compWt.-

detrimental interactions tetween the thruster structural matersias.

The feed system concept selected for the program% used capillary

flow tubes to regulate the ammonia fl :w and insure that it was delivered to

the thrusters in the vapor phase. In the zero-gravity environment of space

in which the feed @ystem is to operate, the location of the interface between

Sthe vapor phase a-mnonia and the liquid ph1ase in the prepellant storage

tauk is not necensarily predictable. Because of this, as propellant is

required from the storage tank, it can exit as either vapor or liquid. The

capillary tubes, which are small-diameter tubes with large length-to-

diameter ratios, serve as vaporizers for the &vn-onia if liquid phase is

-o.ing the tank. The capillary tubes a:: .tasionlly sized no a..4 if

liquid amnonia ente:.s the tubes, it will be completely vaporized before it

leaves. Propellant flow from the tank was controlled by an ON-OFF

a-'enoid valve. The position of the valve was controlled by a transducer

through a levrel detector switch and valve driv.er assembly. During tha

design and develcprnent phase oi the progiam, flow and heat transfer

analyses were perfo'-ned to determine; the captLary tube performance.

A heat transfer analysis of the heat extraction process between the stored

propellant and the capillary tube was also performed. A pir(^otype feed

system waa assembled and both design verification tests and pressure

regul ation interaction teats were perforrned.

A.fter trie design and development tasks of the program we-a corn-

pleted, a demonstration test wo1, digrped The purpost of the demonstra-

tiow test was to determine the operating characteristics of flight-type



opeostioual units -f an attitude control system. The units used in the

test were:

1) A single-axis electronic controller

Zj A iour-nozzle ammonia thruster

3) A zero-gravity ammonia feed system.

These units were operated in a closed loop1 mode. In this mode, the

control electronics receive an input rate and position error signalt This

- iAa•l is converted into an appropriate thruster propellant valve command.

An ON valve command will result in propellant flow through the thruster,

causing an Impulse bit. The result of this inpulse bit is conditioned by a

rigid body simulator to drive a sensor element. An OGO sun scasor-

stimulus is used to generate the error signal. Ammonia propellant is

supplied to the thruster from the feed system at the desired pressure.

The three attitude coutrol units w-"e operated in a vacuum chamnber to

simulate the pressure environment of -pace.

,!

9
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3. LiPE• TEST

The units utse in the life teat were flight-type modeln. They were

t:,.gnt-d and fabricý Led to meet sazicificaticons typical of those that would

bi requir-ed oa a =p-.cecraft. The chamber in which the test was performed

w¢t: rmaintained at preossuren that simulated the vacuum of space.

3. i CONýTROL ELCTRONICS

The control eU.ctronics used in the test was eseentially a single-

axis unit of -he thrc -- axis attithde control system. The single-axis

coi-troller consist; :f the lead-lag network, the pulse ratio modulator,

and the valve driver circuits. The lead-lag network is an integral part

of the electronic cor:troller. It is an 1itegrating circuit that converts the

rate of change of se::sor displacement signal into an error signal that is

additive to th•e errol r:ignal resulting from displacement. This adlows the

pulse ratio modulat-c:• to both detect and anticipate spacecraft displacement.

A -;chernatic of the z:.ngle -wads controller, which includes the lead-lag

no' vork and the pule ratio modulator, is shown in Figure 4. A schematic

of t-h valve driver circuit is shown in Figure 2. Both the single-axis

controller and valve driver are described in detail in Reference I. The

unit, fabricated for the demnons8ration test, was used throughout the entire

life-test phase of th,ý. program. A portion of the circuit was bypassed

'' _..'~ .......... • , t & uins cir.urv was used to

pr-duce the error signals instead of a sun sensor-tiuanulus unit. A

photograph of the acusal control unit and valve drivers is shown in Figure 3.

3. 2 THRUSTEit

The ACSKS thruster is a resistively heated, four nozzle unit. Each

nozzle delivers 0. 020 pound of thrust. The thruster is designed to heat

ammonia to a rniinnuxm tempera"-' of 1._59_9l0x d--C-npose I. `ý6

molecular hydrogen a:-nd nitrogen. The thruster is of the ther Mal storage

type and can sustain a propellant pulse duty cycle of Z percent while

maintaining a propei[ant temperature of 1400°F. The maximumrn pulse

duration is 3 second.s. In order to meet flow requirements of the 2 percent

duty cycle, 3-second pulses, and a minimum propellant temperature of

1 500 'F, the minimurnm equilibrium no-flow thruster temperat ire had to

7
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be 15500 F. The thruster duty cycle and pulse duration were dab*rudatn

by the ACSKS mission analysis. The minimum propellant temperaftre *I
15000 F was established experimentaly as the lowest taper at *hit

propellant fl*w iub materials had sufficient CAtW, yt 8ctiwty to romak in

nearly complete ammonia decomposltion.

Duri• the coarse of the '.'CSKS progru. a total of three dfierenat

thrusters were used. The basic design conespe of each of the thrusters

was the same; however, the implementation of the concept was different

for each thruster. The reasons for the differences are expltae,4 in

Section 5. The design ariilysls of the thruster concept is reported in detail

in Reference 1.

The first thruster used in the life test was the one fabricated for

the ACSKS demonstration test. An assembly drawing of the thruster is

shown in -FIgure 4. The detail draawings of the thruster are in ý._eference

i. This thruster had a solid nickel-ZOO core on which were wrapped two-

tubular swaged heater elements. The heater elements had an outer sheath

of Inconel 600, magnesium oxide insulztiai, &nd a resistance element wire

af Kanthal N. Two elements were used foi reiundancy. The propeUarn.
flow tubes, or'- for each nozzle, we:e ccoilea on the core directly aver the

heater elements. The flow tubev were the catalirtic surface on which the

arnmonia dzýo,..posed. The propellant fbw tubes were fabricated from

type 304 stainless steel, and were sized uo that the amnoma decomnposition

process within thzrn was diffusion cwo.trolled. in a diffusion controlled

process, the dec~mpositioa rate oi the ar-u-ioniP is controlled by the rate

at which the reactant, wriorrnia diffuses to the flow tube surface and the

products, hydrogrn and nitrogen, diffuse away, and is not contro.i,-d by

the reacticn, rate klinetics at the flow rube morface- The Propeilant flow

tubes and heater aienients were secured tc- the core fur qt'ýia.

integrity, and to each o.her for thermrI cont",ct. by brazirzg. Thermna

inas-latim- of the dhrut±!&r -t-re tsý ~b~y wraa acli.......rby _urnzvflýgtr

core with alterrtite layers r-f 0, -0O25-.icAh-thick •,iybdenum rfoii and

0.01J-jnch-thicir refravil cicth. The itoat i st phed as .s8Pr -

wrap on the cyliadri.cal section of the •-ire afod A a 11t dsc1 an th;e -.r

A photograph of the assenmble-. thruster i , ir- F-iire 5. j

ni
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Figu:!e 5. Assemb~led Thruster, ACSKS

The ourer P.nvelope and inr -ilation of the second ACSKS thruster

we re identical to the first-. howevpr, the thriiatlý: care assernbiy was

completely redesigned, The heater element used for thizi thruster is of

the car' -idge 'Iype. A photograph of thte elenient is shown in Figure 6.

The cartridee elernent had --.n o~"rsheath o' lrný-onel 606, -n~ag iesiurn

oxide insulation, and a rf.sistance elecmen. of Nichroyne V. Thu basicIOeMC-nt 3/8ijo-inch in diamnet,-r and 3 inches long, withi a Qi.''. thic.knes--,
of 0 40 ilct. -A 0. 07"j~T-hi~ layer of nickel wa-s electroplated on theý

out-er ijrf-ýce of the el-rnent ;sheatb, "'he propýellant flw-b~were

x& r a p i r h+ r t : jovf-, 's tr h~ a I ,e e -ri acli d L '. ~igt resutn a t h - tcrow

t j1- ,oývre r ; : ited oflt rik ' wian -. ar of t sic - diamh e t c it 0a inch

a!- nO f! ae 0. base wall i :kde onickeltern,' wha-thenhi t-ýrtro
'or ni- th~ jr. ti e L~e- 'e !ol 'ehil usbt
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Figure 6. Cartridge Heater Element

The seals be#--een the flow tubes, ring, and nozzle chamber were made

by TIC welding. Tle nozzle configurai -,n of thi s thruster was the same

as tha of the original thruster, except that the outer cross-section of the

nozzle chamber was cylindrical. A photoýraph of the thruster core,

instrurnente•? with three thermocouples for the thermal loss test, is shown

in Figure 7. During the final plating owoeration on the thruster in which
the flow tu-,ýLt were p0ated in place, the magnesium oxide insulation ct the

Seater ilen~ent be.am! impregnated with p:,ting soju'ounf. Thi causedi

tCe element vire to -evelop an inbernal short. The heater element was

Ri4,diied ou -oftkrc1a-ig 'e eleymentl was pe~d

A thi'-d thruster was designed, fabric 'te-j and tested during the iina4

[Ag. of iii" •i' tes. thase of the ACSKS .:rogra-'-.. The enveJsope, ,upport,

an d ý,nsu-ation of thir' tCruster Wxet- +he .arne as those of the fh r t 'eoP

Thi• thru,-ter, Ilike the second ojnv. h.-! a .on--• ,.,designed carc-

a v rill OhOl, I~he t~hra uitte used a 'P rrig eat-_- ell( *ý.-;J ideritical to

'hat o.J thc 'fe,''> tqruster. 'rhe heater e eirien* Vi.- ir-erted Hit, a

Scre or Which the pzopellant flow txi•c- bhan hpen wrapped and

t .zi.es . -lded A di awing of the core is •zhown - Figure 8 and flow

S .' " ring in '' , re 0 . It iF, f ai - Ci i:Coflc XT i Ihe flv%

, : 1 # • this t ru".her we re X •'rji, .! at,, t •o ',le tuh ..

.1A
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I Figure 7. Thruster Gore AsBen-ibly, AGSKS-�

were formed by plasma spraying a 0. 00t5 �0. 0005-inch layer of alumina

on nickel 200 tube that had a 0. 063-inch external dian�ieter and a 0.007-

inch wall. The plasma-sprayed tube wa� inserted into an Incone! X750

tube that had a 0.078-inch outside diameter and a 0. 005-inch wa!l. The

outer tube wa� then co�rpre�sed against the inner plasma-sprayed tube by

a dr�'wing operation. The rationale for this type of propellant flow tube

is expiaineQ in cect�on '�.

Th� nozzleb of ttiis third thrt�ster were rnodiixed versi�ns of tho&e

u�eo �n the firbt thruster. The mo&ification include.i iricre�ing the wall

I thic1�e�s in the me-�ion of the noz�le throat arid changing the material from
nic�..ei 0 o N b';. �e thicker wall section of the no,�ie h�creas�d

U � �oa�' c� rr�v� �bihtv The no; ;le � were I�i�nc� to siyp�:t the

thr�j � r .. p �a�Znco -�rot��.'�t lie nnder��d cf � �truct1on

change va'�' -� fair. ritorrnitv c4 ��urii n<iater�ai c.ompo�t�ori.

CrdW � rL. � � OOv.'� �n J9'iiure 41 During thermal perfor-

�2an�-e te:itir� c4 ti� t.h rc.�t�' r, a t� �Ac � rugr� - enti �51Vi.Y mcide �:o4ting

ro;�V� � - 7 � � a iarg� thernc&4 io#s
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sections of the noxales were removed md raced .

The junction betweea the aickel ezpe"On *ad 60 .

materil,~t

The flow tubes were terminated u the thruster COM by ...ov .mt

to a tab that was an integral part of the core. Tis core ••0 8 .tab
portion of the ,nozzle chamber. A detail ofthis s sseamby Is she" .e

Figure 11. The chamber section of the nossle was TIO w .eld.edto"

and core tab. No filler material was required. The propeUna flow "ise

were attached to the core with a plasma sprayed Incemel 600 pwaav.

During the thermal performance tests in which the nossles asidised. ma

oxide film formed on the plasma-sprayed surface of the thruster core.

Because it was not possible to eliminate this odd forn-atIon which bad

a relatively hi. h thermal emissivity, the exposed surface of the thruster

core was nickel plated by chemical vapor deposition. This was accam-

plished by heating the thruster core in an atmosphere of nickel carbanyl.

The thickness of the nickel layer was 0. 0018 inch.

This third ACSKS thruster was the one used in the final six wout

test period of the program. It was part of the deliverable items at the

end of the test period. The other two thrusters were disassembled and

subjected to both chemr-ical arid mertaslographic examination.

3. 3 FEED SYSTEM

The ACSKS ammonia feed system used in the life test was the same

one designed v= a- zmbled for the demonstratdon test phase of the

program. The feed system for the complete attitude control and ition

keeping subsystem consists of two propellant storage tanks, each wI*h a

propel!ant supply unit. Each tank Contain3 one-half of the total propellant

required for the mission and each supply unit has the capability of supply-

ing the m-aximur propellant florw rate thl-t occurs during the spacecraft

acqtw.iion modr. These values, as determrr.ied in Reference t, are a

*otal propell..ant capacity of 44 pounds and a marizdu flow rate of
-4 .I

4 x I- C bi/sc. The feed oystem de~icned for ihe dereks,_t 4 m, t.#t

was a half umnt i:-f the total pacecraft yyste1T

2 i
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1*..er~pcratirec. '1h- hrzcrhrs at theae periods is essen'tially pure

c~n~fa.Tht, =rn: :'_ -ni vi then tan mmigA hav_ I-'a -.a,

&ýltrllmenial z~fcct '; Le electro~nic coarxpozlenta.

ATiPZ OGCO nuzn ":'-tixls d the r,-id badiy simulator were

lorated otdeof Vh;, vacu-Im chwrnber. Photographs o! tlie.- test system

ara~ sh&*nr in 1g~. 7 -y±d 18. Both the sun eznsor a~nd rigid body

cd~t~ wererpSced with a ul~siirg circuit edt~ring the latter porticn-

The test was lesianed to simulate both spacecraft normal mode

attitude . .cntrol an(! --tation ke~eplng. Two of the thruster' s.;our nozzles

welre used. in normal m-ode operation. The propellant pulses frorn one

MoZzle produCed a potitive comrmand torque on the simulated spacecraft

an~d ine UthIer a. negative torque. The input signal to the valve driver

circuits of thece t-v~c nozzles was used as the electric analog of the

.mpalse bit producet2 during the propellant pulse. This electrical signal

was input to the rigidl body simulator which simulated the inertial prop-

erhics of a appcecra-,t. The simulatiOr was essentlially a pair of iniegrating

circuits in sories. TIhe first would convert the impulse bit into a aignal

tivtt represented an %cceleration of the spacecraft. The ecco-n d in t grat or

caon-ertcd thii acccir. ý-ation signal. into a spacecraft position signal. This

rignai was uzed to ý,,,-Hvate the motor drive of the sunr Rensor. The sun

sonev.r wo Lo pointed a fixed 'Light source. The electrical output of ýhe

srun sensor electrorni :s wias proportional to the angle between the sensor

aind light eource. Thselectricak output was the input error signal to the

control cloectroxx~cs. B~y virtue of the lead-lag network in the feedback

loop ef first stage ?.r A<hlifier in the cort~rol electronics, the error signal

in -the control electt,-'zxics is due to L-.oth the angular position and rate of

c1~snge of positicn ol ,:he eun sensor with respect to the light sourca.

Thr- magnitudc- of this~ error signal controlled the activation of the thruster

propellant flow ý:ont,.-ol 'valvesa. The pointing accuracy or deadband. control

lixritR. t~ the. sun ser.ý':or was maintained at *O. 1. degree. The normnal mode.

iionýxol comnmand tŽ?,ustesr pulse duration was 50 "nlacnz hr, Uime

:~xged puler- _qre, -t, icy was eet at one peýr minute (by adjusting the

,-p,- "r iner-tial Froperties in the rigid body simulator).

30
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After 6'2 cia'vt-, of the life tests: Vhe rigid body simulator and sun

sensor were •zpl.aced with a pulsing circuit. The sun sensor was not

able to track .'Je outpua of the rigid body simulator due to excessive wear

of the sennor .irive gear. This non-tracking rcsulted in a high and

erratic comnrr-.=nd pulse frequency from the ccnitrol electronics. Becauie

there war iný;'_"ieni Uv'ne to overhaul the dri:.ý train of thea sn sensor,

the pulsing c• cuit was substituted. This pulsing circuit produced an

error sign- a the final stage of the control electronics that w'LaIA

result In a va•ve pulse command. The frequency of the pulses wcre

adjusted so that an alternate positive apd negative pulse would be corn-

manded at i-4inute intervals. A schdmatic ol the test system with the

pulsing unit l; shown in Figure 19.

-JET

J~ ONI aJf-4 ...... j ON IO . rWA IMSMENT
'JIT US'rAPJD

I
VALVE 1

'7RANSDUCER

ALV

Figure 19. Test Block Diagram, Pulsing Circuit

The AV or "tation keeping mode was simulated by pulsing pro-

pellant through a third thruster nozzl=. This was accomplished with a

pulse-tirne ci•-uit. The pulse duration was 1 second and the frequency

was one pul!c per 50 seconds, corresponding to a 2 percent duty cycle.

Although the C-ruster had the capability of sustainIng- longer pulses, the
vacuum- cystre.c could not. During propellant pulses oi greater than

1-mccond dur., .ion, the pressure in the vacuum chainber would exceed

33



the maxi-murm for operation of the diffu~sion purnp&. Sufficient AV mode

operation was ".-rformed to result in a tot;P! propellant expenditure of

100 Vi-sec per mnonth. The fourth nozzlo of the thrustrr was inoperative

durnj the test ýýeriod.

Operaqing characteristics of the control electronics were moni-

tored by observing the p03ition of the 5uz aensor. This was done by

monitoring botii the output of the sun senior directl-y and also the output

of the pomition .ntegrator of the rigid body simulator, Piiase plane plots

of the closed-lo-op, operation mer'o ganerated by- tracing the outpu.' of the

Position Inteogttzor against thp! output of the rate integrator in the rigid

bodv simulatot%' This could be -lone without Interrupting closed loop

operatiom.

Thermal -.-erformance of the thruster was mneasured by monitoring

Ohe. voltage ac-roino the thruster hez.ter element, the current in the heater

circuit, anid t&h thruster temperature. Thruster temperature was

measured with tbermocouples located along the core arnd at the base of

tbhe nozzle chamnber. The core temperature of the thruster that h~zd the

K(anthc.l N eler-,nt was also monitored from the elenejit reiiist-,trce.,

This method proved to be more reliable than with thermccizples.

The thruster -was attached to a thrust and im~pulse stand during the

test. A photograph of the thruster anid stand Is shown in Figure 20. In

order to measure thrust and specific impulse duseing the test, it wam

necessary to decouple the thrn!!tzi- fro-m the closed-loop operation. The

thrtuat sta-nd onfe;.aied on tkbe game principle as a ballactic galvonometer,

and its rate of ni'ovement resulting from a thruster pulse produced an

csatput voltage. 6rhe maignit-ude of the output voltage was proportional

to the irrpulfee 1 generated during t~be propellant pulse. The time rate

of chanae, of Um! 3tand! output voltage was proportional to the instantaneous

thruist force geerA~ted by the thruster. The mnaso of propellant expelled

during a perform~ance monitoring pulse was determined by measuring the

prea3sure drop in~ a calibrated volume located in a section of the pro-

pellan't feed lint. When thruster performance measurementc were being

made, the valvn pulses were generated by triggering the valve driver

of the control e,-,xtronica with an external source.

34



Fiur Z. Thrste TetStn Ui

an exel ropFigu treug aO Thruster - Test Stasdoe Uniter

without dtccoupling the systern from. closed-loop operation. The fec-d

system, ,, can be seen in Figure 13, was mounted on a frame that coulct

be rotaten-(. It was possible to expel either liquid or vapor phaseamo;

from 0-: Atorage tank by rotating the frame whi-ch in- -_rn chari-gc' One

liquid levJý with rsopcct to the flow controi valve att th-e entrance to the

capillarv tubes. rhe ammonia iDhase leavi'w- the storage tank couild alrho

be chr-ngcd without decoupling fromn closed-l'oop operation.



4. LIFE TEST RESULTS

The entire life test phase of the program extended for a ?eriod of

24 months. This started immedialely following the conclusion of the one-

month demonstration test. The historical sequence of the life test is

* dzzicted on the bar graph in Figure 21. The life test, with all of the

original units of tle. demonstration test, started on 7 August 1967. T-i:

first test period continued through It December 1967. The units had logged

154 days of operation up to that time. The test was interrupted in December

because of severe degradation in thruster specific impulse performance.

The-control electronics and feed system, as well as the rest of the test

assembled for "-spection. The resitlts of the inspection indicated that the

propellant flow tabes had undergone a catastrophic attack by the ammonia

propellant. Following the initial visual inspection, the thruster vTas sub-

jected to a chemical and metallographical examination. This examination

and the results are discussed in Section 5. 1.

x'brication of the second (nickel plated) thruster was started approxi-

=ately I montb after the life test was interrupted. Prior to the start of

fabrication, data from-the exariuation of the first thraster were analyzed

and materials compatibility tests with ammonia were performed. The

results of tho compatibility tests indicated that nickel was sufficiently

resintant ýo ammonia attack for a i -y ear life and had sufficient catalytic

activity for -xse as -propellant flow tubes. The i-year life estimate implied

an ammonia exposure time of less than 10 hours. A 50-millisecond pulse

every minute for I year corresponds to an exposure time o! 7. 31 hours.

Although the nickel tube samples survived continuous exposure to ammonia

for more than 80 hours, the one-to-one correlation between intermittant

and continucus exposure used in selecting nickel proved to be in error.

However, this was not krvawn at the time, and nickel was selected as the

flow tubo. material ýor the second thruster.

T-he second AC'SKS thruster was incorporated into the life test, and

the life test restarted on 22 March 1968. After the initial heat-up in the

test, the thruster thermal performance began to steadily degrade. The

life test was interr,pted o" 9 April for the purpose of examining the

thruster. The thruater waa reinsulated and che life test resumed on
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I Z Ar~ril. A.11 units i'- test were performiny within dez'gn specification.
Apolmd'eod nmonitoring the spocific impulso piaformance of

zethri_ýte-r in Ju~ne : 68. This resulted frora building modifications near

,n~ tect area. These mnodifications caused vibrations8 generated by the

~tc'~imechlanica-Ium to increase in magnitude in the -vicinity oA the

vacxuumP tanlk. The v; ration intenaitv increased the noise level in the thrust

Drtlance monit-cring r,-. ;dout. A, filter circuit was designed and implernenteO.

i~o circumvent this rhlm Once the impulse monitoring problem was

retioved, the irnpul-., degeneration pz~oblizm reappeared. The specific
i ~~puI s peforanc ofthe thruster had grodsly degraded during the

rnonth of July. The life test was again interrupted on 27 July 1968 ?after

4106 days of thruster .-,-2eration, All other units of the integrated system

te.5ts werc secured in, a stand-lby condition and the thruster was removed

for inspcctionr. The 'ýru st er il-:w tubes were pre~siiarized with nitrog en

_e a chck Th,. - eault s ind-eted that the propellant tubes had

tbccci7cie po~rousi. The ?!rror in the one-to-one exposure time correlation

h4,1 become evident. T-Ahis thruster was subjected to a chemical and metal-

lo-r:,rnhical exami~nation, as was the first, and the results are discussed

i11 5'.ection 5. 2.

Materialo COrnp..-tibility and c"-talytic activity tests with ammonia

iia" 'becen in progreso c-oncurrent with the life tests and were continued

into :epuriod frollowing the thruster flow tube failure. Results of the

-Ir Jeria'I co.-patibilit~y tests indicated that rate of ammonia attact on

n iter'aln exuch as stamriean- steel and nickel was not entirely a function of

arnrn--iia exposure ti;:-e during pulsed operation. Total time of the test

..--d duty cycle of the ptlsed exposure also have a significant effect. The

CetalVtic a-ctivity t~ft :!Su'ltS indicated that thopie titructural materials

tý.id~ibiting good cataiy!*c activity for ammonia- d-e:omposition had negli-

;Lle rc!,itance to a-rr'rnonia attack. Tho!be materials that had good

&rr-OL'izon res~itanc( W axrimnira under thruster Qperating conditions hadf

',li~xible sat i'Ayic -al -vity for amm=onia decomposition. Theee tests

inalicatted that o ne Nc i:jC obtaining both the required reei~stance to ammonia

3takand the reu a~iicaalytic activity for am~r:--nia decomposition vas

Z) a C1clOmposite p-rc7ellan t . Plow tube. The coraposite. tube would hav?ý

_r-rez &-face t~at -.-wuld have trequired catalytic activity and an outer

u r±.--%wovd resairu2n. attacýk aund provide strxictnral Liupport.



As a rs.,t of this solution to the compatibility problem, the third

ACSKS thruste-, vas de.9igned and fabricated. The 14ife test waz reetar,ýCd

on 29 January I 969, using the new ACSKS thruster. Afte.- approximately

30 days of operaF-tion, the drive train wear on the 000 sun sensor- had

reached a state ::equiring a complete overhaul before it could. be used

further in the li{l test. Th-us, the 000 slan sensor was replaced with the

pulsing circuit. The "life test was conti~nued to 28 July 1969, which wvas
its scheduled tc-, mination date. This corresponded to 180 days of continu-

ing operation. >"_J ACISKS uni.ts -were operating within their design specifi-

cations during the final stages of the life test Phane.

Both the centrol electro-nic and feel system. were operated in &.e~

integrated test system for a total of 540 days. The feed system %%was 3pý ý

ted for 540 days and charged with ammonaia for a continuous period of

755 das.Th ird ACSKS thruster Was held at design operating ternpera-~

tures andc was sx)Lljected to propellant pulses for act:ntinuotis period of

180 days.

4.1 CONTRtOL ELECTR0NTICS TEST RESULTS

The control electronics unit, assembled for the demon.Ar%.tiori tprst,

Wag Used throug'.,ut the entire testing phase of the ACSKS prograna. T7his

u..nit mraintained ;-deadhand limnit which corresponided to a pointing, accuracy

of ±0. i degree. Ak typic-al phiase plane plo-t is sho-xn in Figure 22. It was

able to xmaintain," ihis pointing accuracy even as the affects of gear -.v-.ar -ýn

the 000-x sensor -Irive increased. Dt'ring the period of degradation in the

aensor drive, th,ý commanded pulse frequency increased fromn the norni;-jal

i 'e rnnttn ratc as high au 10 per mn`.nute. This- cnange in pulse

frequency wa s d~~to the erratic mnovemnent of the sun sentuor hea-d which

manlifested itgel ý_- a hig-h error rate signal inthe control electronics.

The clecti.- 4nics control u-nit did not drift fromn its nom-inal control

ocint. chrin- th,, -.-tirc timne rperiod while under vacuuM_ opecration. Yjhere

wahowicver, -. drift in the set point between operatic-r in air an-,d in

V;LCU1Im. Fi ms -1 -:ift w~s traceable to a miamatch in the t.rnlcharac-

Leri~jtics of thc t ~l Effect T ransisitors ( FRT) sho-.ýP. as T 1 an.d, T 2 i n

i''ur . '71-,- 611if f. occurred duri.ng the t-ransitkin fron-m am-bient to

';~~~U~~rfld ~nio u ~rdced, 1-ut not elirrninated, bv i-cat sinking the

t E p~ rto a <nr~o rmeta block. Becaus-e of this drift, It wasi
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necezsary to n 1•l the control tlectronIcs while under vmcuuc,. Matched

pairs of FET's which will eliminate tids drift problem, are n-w available

tommerclally. The FET as nre required to produce a high ir7'-dsncC

bet-ween the fi-• t stage amplifier, Al in Figure 1, and the lead-lag not-

work. The necd for this high Jimpedance reýults Irem- the high resistance

incorporated L! the lead-lag network to obtain the required system tirne

constant. Lowar resistance values codild be '-ed in th- *--iag network,

W."ch would eL...nAnate the need for the FET's; however, the capacitors

(CI and C2 in Figure 1) would be extremely large.

4. 2 THRUSTER TEST RESULTS

The ther.-nal performance of the thrusters was monitored continu-

ously durLng thc test. Thiz was done by recnrdhng the voltage and current

across the thrt:Aer heater element and the output of thermocouples on the

thruster core aad/or nozzle block. The specific impulse and thrust devel-

oped by the thrister were measured at periodic intervals during the test

period.

4.2. 1 First ACSKS Thruster
Teat Results

40 A curve of the rowver required

NOZZ[E to maintain the tbcuster core at

I o | various temparatures is shown in
! l Figure 23. The heat loss data are

, I reprosentative of those obtained

S.-; _-+.- - daring the initial month of the life
. test. The thermal veriormance

[> .I tarted to decline with time after

'-4 - ] this period. The firat major change
V ,/I 7 i in thermal ioss characteristics

I . -' L; - occurred after a facility power

II failure. The vacuum chamber
_____ j j --camne contamninated with pilmp oil

. , as a result of a relay failure in thn

test facility interlock system. Build-
Figure 23. Thruster Thermal up of a dark deposit ox. the nozzlo

Performance,IA CI-7ot-c _ expansion cone section, which wvas

later found to be nrrbon, becamt
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noticeable at this time. The history of the thruster thermal performance

is tabulated in Table II. The core average temperature was determined

fxorn the relst-an• e of the, thruster heater element. The n..,-- base

temperature was -enJsured with a thermocouple at that location. Period-

ically, the thruster temperature was allowed to equilibrate at a value near

950 0 F. In this temperature range, the core average and nozzle base

teýrneriLtures were uearly the same becaxise radiation heat lose from the

nr'xzle is suiflciently small to have no effect on core temperature distri-

bution. The temperature measured by the heater element resistance was

como~ared to that measured with the thermocouple. The two temperý.tures

agreed to within 5°F throughout the test period. This would indicate that

there was no change in the resistance characteristics of the heater ele-

ment, whic, was Yanthal N.

Table II. Thruster Thermal Performance

Temperature, o
Date Power Input (watts) or Temperature, BasCore Average Niozzle Base

8-.3-67 14.8 1550 1454

9-30-67 17. 2 1600 1485

14. 8 1530 1420*

10-31-67 17. 3 1591 1477

14. 8 t525* 14 5"

1,1-31-67 17. 3 1596 1479

14.8 1528* j417*

CorrecteC to 14.8 watts for comparison with data of 8-31-67.

The specific imrulse delivercd by the thruster at its operating

temperature was monitored pericdically, and, on three occasions, the

specific impulse delivered as a func..ion of temperature was measured.

These data are shown in Figure Z4 along with the theoretical specific

.-npulse for the thrustex/propellant system. The data was obtained with

a nomrnal ammr.nis:-u inlet pressure to the thruster of 33 psia. The thrust
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level was in the range of 0. 01 9 to 0. 020 pound over the temperature range.

Tha specific impulse delivered by the thruste, was 244 *3 seconds at

1550 F during nrost of the test period. These data were consistent with

the curve of data for 27 July 1967 and 8 August 1967 in Figure 24. A large

reduction in the ,4pecific impuls6 delivered by the thruster occurred during

the Utter part of October. The specific impulse data as a function of

iemparature measured at this time are shown in the curve of 31 October 1967

in Figure 24.

The differential expansiun of the thruster core with respect to the

cuter shield as a function of core temperature was measured. This was

done bi measuring the axial distance betw'!n the edge of a nozzle and the

edge of the port in the outer shield through which the nozzle protruded.

The reference point was established while the thruster core was at i ý )0°F.

The thruster was then allowed to cool and the dimensional change with

respect to th- reference was measured. The data obtained is shown in

Figure 25. No rotation of either the core or outer shield -with respect

to the thruster bracket was measured. Because of the degraded spe.cific

impulse performance, the life test was interrupted and the thruster

removed for inspection (see Section 5. i).

O.OYO
Z-

0 12,1 . •0 10o

Figure 25. Differential Expansion of Thruster Core

and Outer Shield
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4. 2. 2 Second -CSKS 'rest T.t esuits_

This thruster was incorporated in the life test and the test was

resumed on 22 Miarch 1968. The initial heat-up of this thructer indicated

that a total of 1 2. 0 watts would be required to maintain the thruster at

500° F. As 1500°F was reached, the power required to mnaintain this

temrperature increased and the equilibrium value stabilized at 16. 6 watts.

On cooling, the thruster assumed different thermal characteristics than

on heat-up. These data arc shown in Figure 26. The life test was inter-

rupted on 9 April 1968, and the thruster was reinsulated. The test was

reurned on !2 Aprin 196A. The fhPrmal log- characteriatics of the

thruster after einsuia.oi are showa in Fig-are 27. .' power input of

14. 3 watts was required to maintain the thruster at 15000F.

The specific impulse delivered by this thruster was measured in

the nominal operating temperature range. Typical values obtained were:

* 246 +5 seconds at 15400F

* 24] +2 seconds at 1505 0 F

These data wver. measured at a delivered thrust level of 0. 020 pound. The

ammonia pressure at the inlet to the thruster required to maintain this

thrust level was 30 psia.

The specific impulse performae'ce of the thruster degraded grossly

by the end of July 1968. The life test was inter:iupted at this time and the

.thruster removed for inspection (see Section 5. 2).

4. Z. 3 Third ACSKS Thruster Test Results

This thruster, when initially as-embled, required 17. i watts to

maintain its core temperature at 1500 0 F. Because of this high power

requirement, the thruster was disassemnied and modified. The modih-

cation included chemical vapor deposition of nickel on the core and replace-

ment of the Inc one! X750 expansion cores of the nozzle with nickel cores.

The reassembled thruster required 13.8 watts to maintain a core tempera-

ture of 1 500 F. After the thruster was integrated into the life test, the

power required to maintain a core temperature at 1500°F remained at
13. 8 watts. However, the thermal performance began to degrade with

time. This de'ýr;dation coincided with the excessivc propellant pulsing

that resL.ted f-orn the sun sensor problem. The thruster thermal
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perforrnance stabilized at a degraded value after this period. A curv .

of the thermal performance chdracte•'itics is shown in Figure 28. The

power required to maintain the thruster core at 1500 0 F was- 16.0 watts.

This power level remained unchýaiged throughout the remainder of the

test periodo

The pecficnpe determiaed by the rn•uster was iniit1ly

19CI seconds at 1 5003 ". This was the valu% expected for ammonia with no

docor-uosition. The specific impulse increased to a value of 220 seconds

during the f rst 3 weeks of thruster operation in the life test. These

specific impullse v:.Jh.s were determined at an operating thrust level of

0. 023 pound. An am-rneia feed pressure of 35 psla was required to

maintain the thrust level at 0. G20 pound. During the period that delivered

specific impulls was increasing, a series of specific irnpulue measure-,

rnents was ma3,d ý,, a function of thrust level. These data -re shown in

Figure 29.

The change in specific impulse as a .anction of both time iii test

and thrust level exhibited by this thruster was not noted in the tvD pre-

vious thrusters. The change of specific impulse with time in test might

have been due to the removal, with propellant exposure, of a propellant

tube surface contaminate. A surface centaminate could reduce 2he cata-

lytic activity cf the flow tube, resulting in a higher average molecular

weight of the expelled propellant. A possible source of contaminption was

the oil used in the draw'ing operation of the flow tube fabrication. In the

event that oil entered the flow tube during the drawing operation, it would

have left a carbonaceous dposit which could not be removed by normal

cleaning procedures, The purging action of the propellant, while the

thruster was at operating tempar:ý.tres, might have been responsible for

removal of a portion of the contamination, which resulted in the improved

specific impulse performa;ice.

In an attempt to achieve maximum propellant tabe surface catalytic

activity, air was pulsed through the tubes. A total of 14. 5 cubic inches

of air at S. T. P. was pulsed through the two flow tubes used in normal

mode coutrol. The thruster core was maintained at 9500.V and the pro-

pellant was pult-ed at a 5 percent duty -ycle with a ,-second ON time. A

check cf the thruster delivered zpeci.ic impulse ai 1500 x indicated that

there was essertially no performance in.orovement over the pretreatment
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value. The air oxidation treatment was repeated, but wit-•t iz L-: - -er

core maintained at i 250°F. A curve of the ep-cific iUp.ulse& as a fnctiof -

of thrust level at 1500 F is shown in Figure 30. The specifi impunl4e wV

still dependent on the thrust level, Ps it had&-een before the air treatment;

however, at the nominal 0.020 pound level, it lad increased to 726 seconds.

The air cxidation of the flow tubes was again repeated with 7. 0 cubic inches

of air at S. T. P. and with the thruster tore mauintained-_*. at 500 F. The curve

of specific impulse as a function of thrust is shown in Figure 31. There was

no improvement im. the specific impulse delivered at the 0. 020 pound thrust

level; however, the specific impulse increased from -the 23t-second pre-

treatment value to 241 seconds at a 0. 030 pound thrust level. The data

indicated that the specific impualsie was approaching a liniting value as th,•

thrust was increased. Because of the pressure limitation if the feed

system pressure monitoring transducer, it was not possible to obtain data

at higher thrust levels.

There was no, or at most only a r!inall, variation of specific impulse

with thrust level noted on the other thrusters tested. The previous thru3ters

appeared to produce nearly complete ammonia decomposition over ".he

thrust levels, and consequently, the propellant flow rates tested. The

specific impulse variation of this third thruster with thrust level was

sufficiently large to be almost totally attributable to differences in frac-

tion of e_•mnonia decomposed. Another factor which nafects specific i.rip"lee

is the chazmge in nozzle eCficiency with the Reynolds number in the nozzle

tLroat. With all other parameters constant, the nozzle efficiency is a

function of propellant mass flow rate and, therefore, thrust level. The

nozzle efficiency variations over th - thrust level ranges tested would be

small. The difference in operating characteristics of this thruster,

compared with those of 'the previov. thrusters, has been attributed to the

A.p-jRcEt c-Iaracteristics 3f the flow tubes. The flow t-.•es of this thz-udter

had thicker walI13 than the previous ones. The liner of the composite tube

used on this thruster wap equivalent to the previous thruster flow tubes.

In addition to thiii liner, the co-nposit• tube had an oiutcr sheath that was

almost of Gquivalent thickness. This heavier walled tube rztained its

ci. ixr cross-section when it was coiled on the thruster core, whereas

thr-re was some ovalness in the cross section of the tubei of the previous

thruat.rs 'tfter they were coiled on the core. This oval cross-section
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Figure 3i. Thruster Pei.dormance, Third does have a large effect on
Oxidation, ACSKS -3

the degree of turbulence in

the flow strewn. The effect w ..ause the armuonia fraction decomposed

to increase with increasing flow rate. Thus, the specific impulse delivered

by the thruster would increase as thrust level increased until complete

decomposition occurred.

4.3 AM.MONIA FEED SYSTEM TEST RESULTS

The ammonia fe~d system performed within design limits through-

out the entire integrated system life test. The feed system storage tank

was initially charged with 12. 25 pounds of ammonia, approximately one-

half of its total capacity. The system delivery pressure was adjusted to

33 psia, so that the first ACSKS thruster would deliver 0. 020 pound of

thrust. The pressure control limits at the nominal uperating temperature

of 72.F were 0. 4 psi with liquid leaving the tank ana *0. 08 psi with vapor

exhaust. At a storagc tank temperature of i00 F, which resulted in a tank

pressure of 214 psia, the pressure control limits with liquid leaving the 3
tank increased to ±0. 5 psi, but -emained essentially unchanged with vapor.
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Shortly after initiation of the integrated system test, random

increases in the pressure control limits of the feed system developed.

On several occasions, the control limits increased by a factor of four

over that of the original. This anomaly in pressure control was traced

to radiative noise pickup in the transducer/switch circuit. The magnitude

of this noise level in the circuit was sufficient to cause opening of the

propellant source control valve at pressure levels aiove the upper control

limit.

The source of the noise was test equipment that was operated in the

same building as the ACSKS test. Because of the integrated test wiring

layout, it was not convenient to effectively shield the pressure control

circuit from the noise; therefore, a "tee" filter was incorporated in the

transducer output line, This filter stabilized the pressure control band;

* however, it introduced a delay in the output trausient signal from the

control transducer. This resulted in an increase in the control pressure

band width with liquid exhaust from the propellant storage tank. At the

nominal ambient operating tank pressure, the flow rate through the

capillary tubes with liquid exhaust from the tank was approximately 50 per-

cent higher than with vapor exhaust. The tee filter was matched to the

rate of change of transducer cutput resulting from the pressurc rise in
the plenum when vapor phase ammonia was leaving the storage tank.

Wben liquid was exhausted from the tank, there was a mismatch between

th4 transducer signal =..tc of change and the tlme constant of the filter.

This caused a delay in the transducer signal to the switch. The pressure

cctr"! lir.it with th. *lt.ar *a. .G. f-6 wita liquid 0 akza.Aia

entering.

The nominal control pressure level d~livered by the feed system was

reduced from 33 psia to 30 psia during the test period of the second ACSKS

thruster. This was required to maintain the delivered thrust of

0.020 pound. The storage tank was also recharged with ammonia to a

contained weight of 12 pounds. The pressure control limits during this

te.'t period were *0. 8 psi with liquid phase entering the capillary tubes

and i0. 8 psi with vapor.
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The storage tank was again topped with ammonia to bring its

contained weight to 12 pounds before testing the third ACSKS thruster.

The nominal control pressure level was adjusted to 35 psia. This was the
pressure required by the third ACSKS thruster to deliver 0. 020 pound of
thrust. The tee filter in the electronic control switch sensing circuit

was modified to reduce the system response delay when liquid was exhausted

from the tank. The pressure control limits during the final test period

were *0. 45 psi with liquid flow and *0. 08 psi with vapor flow. A 24-hour

record of delivered pressure during thruster normal mod', operation and

with liquid exhaust from the storage tank is shown in F'gure 32.

After termination of the life test, the feed system was operated at

a flow rate corresponding to that required for the mission acquisition

maneuvers. The storage tank pressure was 95 psia at the start of the

test and the flow rate adjusted to 4 x I0"4 lb/sec. The storage tank con-

tained 6. 0 pounds of propellant at the initiation of this test and the tank

was positioned for extraction oi liquid phase ammonia. The system

maintaircd this flow rs..e for a period of 420 seconds before there was

evidence of liquid phase amn-monia discharging from the capillary tubes.

Normal acquisition would occur with the tank filled to maximudr capacity
-4(22 pounds) and the total flow rate of 4 x 10 lb/sec would be supplied

by two independent feed systems for a period of only 300 seconds. The

results of thiz test indicated that the system has the capability of satisfying

the most stringent mission requirement after 2 years of service. A total

of approximately 20 pounds of ammonia had been delivered by the system

d-ri.ng this period.
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5. THRUSTER POST-TEST ANALYSES

Becaui of the program schedule, only short-term material test

results were available for incorporation into the design of the first demon-

stration thruster used in the life test. The major oiutput of tLe short-

term teats was the data used to select a braze material with a sufficiently

low sublimation rate for tho thruster oýerating life. 1n order to obtain

long-term compatibility data, a materials and heater element evaluation

program was initiated along with the hardware development program.

The object of the inateriaiý' evaluation was to determine the interactions

between the various structural materials used in the thruster. These

evaluation tests were performed with the various ma•,rials in contact

at the typical thruster operating temperature range. Some tests were

performed at higher than nominal operating temperature to obtain results

und e' accelerated conditions. The most meaningful tests for these eval-

uations were performed as an integral part of the heater element evalua-

tion tests. Ir these dual evaluation tests, a heater element and flow tube

sample were brazed to a base ccre in a manner similar to that of the

thrurter core. The materials of construction of the items on the core

samples were typical of those that would be used In an operational thruster.

These heater element/core assemblies were insulated with either Dyna-

quartz or super insulation similar to that used on the thrusters. The

samples were heated in a vacuum chamber with the heater element used

as the heat source.

5. 1 FIRST ACSKS THRUSTER

The materials of construction of the first ACSKS thruster, I. e.,

the leater element wire anrd sheath, the flow tubes, the core base, and

the braze material, were selected on the basis of the short-term materials

evaluaticin tests and pratotype thruster tests. However, the flow tubas

of this thruster failed after being in test for a period of 154 days. A

photograph of thii thruster core after removal from the life tect is shown

in Figure 33. A photograph of a similar thruster core in the as-brazed

condition is shown in the figure for comparison. Aside from the darkening

of the core ourface and nozzle expansion cones, the flyst visible signs

of tha flow tube failure were cracks in the flow tubes in a region upstream
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of the col:'e. A photograph of a failed flow tube is shown in Figure 3".

Although the tube was cracked, the actual complete separation occurred

during remnoval of the thruster insulation. This fracture was located

approximately 1/4 inch upstream of the core. Dimensional orientation

can be obtained from Figure 4. The thruster core was sectioned for

metallographic and chemical analysis. A photograph of the sectioned core

is shown in Figure 35 and a close-up of the flow tubes near the entrance

end is shown in Figure 36. The tubes are identified as AV, positive,

negative, and unused, denoting the nozzle to which they supplied pxopel-

lant. T•h.• ammonia time exposure decreased in the order listed. The

unused W-be was exposed only during initial unit testing. The damage

sustaincd by the flow tubes, as can be seen in Figure 35, was essentially

proport'onai to the ammonia exposure time. Close-up photographs of a

flow tube as it progresses to the nozzle are shown in Figures 37a, 37b,

and 37c. The extent of the damage to the flow tube decreases as it

approaches the nozzle. The damage to the flow tubes was minimal, and

about the sa=z for all the tubes used in the test, at the entrances to the

rerpective nozzles.

Va-rious regions of the flow tubes were analyzed for chemical comn-

position by an electron beam microprobe. The objective of this analysis

wa•ts to determine the nitrogen content in the propellant flow tube wall. The

results incated that the flow tube wall in the vicinity of the fractured

portion contained " percent nitrogen by weight. A compound such as Fe 3 N
containý 7. 5 percent nitrogen by weight. This section of the flow tube,

pstrean- of core, was exposed to an estimated temperature of between

900°F zrd 1200°F. No nitrogen, or only a negligible quantity, was found

in the flow tube wall located on the core section of the thruster. The core

section (f the thruster was maintained at a temperature above 1500°F

during operation. Formation of stable nitrides in stainless steel, the

flow tube material, occurs in the temperature range of 90 0 °F to I 100°F,

Reference 2. Below this temperature range they do not form in the

preoinzz of nitrogen or nitrogen containing compounds, and above the

temperature range, they are-unctehle.
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Pigure 33. Post- Operational ACSKS -1 Thruster Core
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Figuro. 35. Sectioned Thruster Core, ACSKS -f

AV NOZZLE 2nd

Fiau.!e 36. Thruster Core Sect-ion, ACSYS -i
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P.'gure 37a. Flow Tube Cross Section -Entrance End

Figureý 37"'. Flow Tube Cross Section-One Third of Coil Length
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Vigur-t 37c. Flow Tube Cross Section- Two Thirds
of Coil Length

Results of the catalytic activity studies with stainless steel flow

. .b~sxduring te develop:nent phase of the program indicated that the

decornposition of ammonia under dynamic conditions was predominately a

kinetic controlled process at surface temperatures below f250°F and a

diffusion controlled process above this temperature. It has bei.n postulated

that a reaction in a flowing system can become diffusion controlled when

one of the spec;!s forms an unstable complex with the catalytic surface,

and that its lifetime is short compared to the system diffusion time. The

experimental data appeared to verify this premise by the fact that no

nitrogen was foind in the tube nm-terial on the thruster core. in addition,

the damage to the flow tubes crn the thruster core appeared to be in direct

relationship to the ammonia concentration to which they were exposed.

This was concludedfrom the fact that tlhe damage to the flow tube decreased

aas it approached the nozzle, coinciding with the decrease in ammonia con-'

centration due 'ra its decomposition along the flow tube. The flow tube wall

was at constant temperature along the core even during propellant pulses.

ThuA. temperature effects on flow damage did not exist. The more catas-

trophic failure in the flow tube occurred in the region where stable nitride
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formed. However, the danarzge .u-"-ned by the flow tubes in the roions

where nitrogen was not found by the electron beai probe analysis .as

sufficient to cause a failure eventually. The fBow tubes were brit•le as a

result of this type of ammonia attack and the material resembled a sponge

in areas of i.aseive attack. The results of the thruster failure and cub-

sequent analy-sis indicated that, although stainless steel ic an excellent

c-atalyst for tecomposing ammonia, it has no long-term corrosion resis-

tance to amrr:onia.

During the time period that the failure analyrsis was being perfcrmed
::th- iat.e-. a lcn.-term rn materiils cc;patibility asuemnb1y was sua3.

subjected to an electron beam probe analysis. 'This assembly consisted of

a tubular heater element and stainless steel flow tube coiled and brazed to
a ni~ktl core. The heater elernent had an Inconei 600 iheath, rnaguesium

oxide insulation, and a Nichrome V element wire. The flow tube vas type

304 staiulebsz ijteel, and the braze material was AMI-I0Z, which ic an

alloy containi-ng 15.2 percent chromiumn, ý percent 1'ilicon, and the b~lance

nickel. This assembly had been in test in a vacuum env-ionment for a

period of 4303 hours, during which it was maintained at 1i000 F for

2756 hourei. A view of the sectioned assembly, mounted in plastic for

analysis, i* shown in Figure 38. An enlarged view of a small area of the

assembly is chown in Figure 39. The areas that were analyzed are identi-

fied in this figure. In addition to the assembly that had been in test, an

assembly in an as-brazed condition was also sectioned and its conotA.tutent,

analyzed with an electron beam probe. The results of the analysis of the

exposed and as-brazed assemblies are listed in Table III.

The ino3t important result of the analysis of the heater element

sanplos is Nvident from the sata prevented in the table; i. e., the
tendency for elemental composition of the componeLts in contact to become

uniforru. This trend toward uniform composition ie due to solid-state

diffusion of the component materials. Thz diffusion between the com-

ponents changed their structural characteristics, as can be seen in

Figure 39. This shows the profusion of voids that developed as the

result of the interdiffusion of component material. The result. of this
analysis indicated that materials in intimate contact on the thruster core

would have 'o be of the same composition.
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Resistanc~e Wires

0 Inronel

- ~ . Braze Alloy

304 Stainless Steel
7bbe

Edge -of Nickel Cor-e

0.0 0.020~ 0.040 inzh

Figure 39. Photomicrograp;2 of Heater Element Assemblhy

The dark coating on the interirr surface of the nozzit expansicn

core. Figure 33, was analyzed with an electron bean, probe. Formzation

of this coating coincided with the degradation of thruster thermal per-

formance. The analysis indicated tha. this coating 'was composed of

essentially pure carbcxti. The prese~nce of a carbon layer un the nozzles

wo'ild result in a changre -of a factor of five in th~eir murface th-ern al

emissivity. This change probably caused a large increase ihA the thrust~tr
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1hea' lose due to thernmal radiatLon from the nozzles. T'he source of the

coari:,g _s pu~.p oil molecules that cracked as triey collided with the hot

noz:'Ic surface. A dark coating did not form on the nozzles of subsequent

t-xu!-ters. Thiv was -due iic more effective trapping of the diffusion pump

tised in the test eyatem. Th'e diffusivz pump baffles were water cooled

during testing of the first thruster. and liquid nitrogen cooled during

eubsequent testing.

Table TLi. Assonbly Component Chemical Composition

IElement, Weight Percent Corrected
to the Nearest 'Percent

As Brazed Exposed

L• Stainless Steel Flow Tube

Iron 67.0 35.0

Nickel 1Z. 0 51.0

Chromium 21.0 13.0

Silicon 0.2 1.0

1O0.2 100.0

2. i-,conel 600 Sheath

Iron 7.0 26.0

Nii..:el 78.0 59.0

Chromium 15.0 i5.0

Silicon nil 0.2

100.0 100.2

3. Braze Alloy

Irnn 4.0 28j.1

Nickel 75.0 56.0

Chromhnm 1 9.0 14.0

Silicon 2.5 2. r)

100.5 i0d.0
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5.2 SECOND A-%CSKS THRUSTER

The selection of constructiAn materials for the second ACSr'S thxizS-

ter (all metallic components were nickel) was based ow the results of the

analyris of the first ACSKS thruster, the heater element/compatibility

test assembly, and data obtained from tests of the compatibility of various

materials with ammonia. This thruster, howover, failed after i06 day*

of operation. The failure resulted from porosity that had developed in the

flow tube walls, extending along the major, portion of the thruster core.

The region of -z-aximum porosity occurred at the hottest section of the

core. The thruster core was sectioned for both visual inspection and

electron beam -•icroprobe analysis. Photographs of parts of the sectioned

thruster are shown in Figures 40 and 41.

There is evidence in all of the photographs of a gap between the flow

tubes and their grooves. This probably occurred during the wrapping

process when the tubing was coiled in the core grooves. These voids did

not appear to a.fect thruster performance, because the thruster did per-

form satisfactorily prior to tLe porosity formation.

The flow tube cross sections shown in Figure 40 are grossly dis-

torted, and are cracked in some instances. The distortion could have re-

sulted from stress relieving of the electroplated layer during high temp-

erature operation. The electroplated nickel coating on the heater element,

and also that over the flow tubes, was deposited in several layers. The

unit was heated to 5000° Fafter each layer wa- iloted for the purpose of

stress relieving the plating. This may not have been effective for the very

large total electroplated thickness. There is a second possible cause;

i. e., that the distortion of the tubes did not occur until after propellant

began penetrating the flow tube wall. In that case, the movement of the

plating could have resulted through an interaction between the nickel

plating and the ammonia and its decomposition products. The maximum

amount of flow tube distortion appears in the region of maximum porosizy.

This can be seen by comparing the thruster section in Figure 41 with that

in Figure 40, which had the higher porority.

The thruster core section shown in Figure 40 was used for a nitrogen

analysis with can electron beam microprobe. No n-ftrogen was detected in
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Figure 40. Midcore Thruster Section, ACSKS -Z

Figure 41. Entrance End Core Section, ACSKS -Z
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-.ither t.i=, 110w trc walls or the surrounding electroplated ar6as, although

-he flbw t' wall material was brittle. At the operatitg temperature of

the thvark core, the nitrides of nickel are unstable. HTowever, during

the armn•caia decomposition process, unstable nitrides would form with

the wall mnaterial as intermediate species. It is possible thitt some of the

nitrogen I-iberated by the decompooition of these intermediate compounds

could diffuse into tht flow tube wall material rather than into the propel-

lant flov ftrearn. In this case, the nitrogen would be involved in reactions

and dissociations, especially at the grain boundaries of the ttibe wall ma-

terial. The grain boundaries would present the most active sites for re-

action and- the easiest path for migration. This process would account

for the complete embrittlement of the flow tube with the prescnr:• of, at

most, a negligible quantity of nitrogen in the material. A similý\r behavior'

of metals in contact with corrosive media as well as hydrog-n and helium

is discussed in Reference 3.

The selection of nickel 200 for the flow tube material of this thruster

was based on the results of compatibility tests performed during thde failure
analysis period of the first thruster. During these tests, nickel Z00 tube

samples were continuoualy exposed to ammonia for periods in excess of

80 hours at temperatures of 1000°F and 1650° F. The tube samples

appeared to sustain only moderate change in physical properties and

appearau'.ce during this exposure period. The depth to which structural

changes of the nickel had progressed was small, relative to the tube wall

thickness. The exposure time of the nickel to ammonia in the compatibility

tests was considerably in excess of the integrated time exposure of the

propella'. flow tubes during a 1-year mission ( < 10 hours). However,

the flow ttbes of the second thruster failed after an integrated time C_.pos-

ure of approximately 0. 3 hour. The data obtained from ammonia compat-

ibility tests in which the material samples were subjected to a periodic

amrnonia exposure also verified that failure would occur in certain ma-

tarials with short integrated time exposure. Those materials that did

fail with zhort A.posure times were also materials that exhibited good

catalytic activity for arnnonia decomposition. Materials tested that were

resistant to ammonia attack exhibited essentially no catalytic activity for

ammonia decomposition.
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3 TEUSTIE AýNALYSES CONCLUSIONS

The result', of these compatibility tests appear to verify the forma-

tion of unstabl ritrides and migration of nitrogen within materials that

are effective decornposition catalysts. Also, this process appears to

proceed during periods between exposure to ammonia. One material that

--xhibited excellent resistance -) &mmonia attack, but essentially no

catalytic activity for its decomposition, was Inconel X750. This behavior

appears to be dun to the formation of stable chromium nitride on the alloy

zurface exposed to ammonia. Chromiumn was found to diffuse from the

interior of the material aample which enhanced both the thickness and

unifornmity of the nitride surface. The stabilizing elements in the alloy,

sluminum and titanium, appear to form nitrides in the grain t6oundaries

of the expos'd surface. This would inhibit the migration of nitrogen

throughout the material. As a result of this data, Inconel X750 was se-

lected as the flow tube material for the third ACSKS thruster. Because it

did not have the r-nquired catalytic activity for ammonia decomposition,

the flo•- tubes were fabricated with a nickel liner. This liner wz.s expected

to present a catalytic isurface to the flowing propellant stream. Altlmugh

nic,'knl ia embrittI.d as a result of exposure to ammonia, it did not exhibit

any dmeansional change, and retained its special configuratiOn when not

subjected to any pbysical loading. A thin tluminum oxide layer was

vancdhwchad bstw~e.•n the nickel liner and the Inconel X750 outer tube. This

aluminum oxide '.er serves as a barrier fcr the interdiffusion of the

convtut'ents of tlh tubafUner c~mbination. This type of propellant flow

tubn proved satisf!•ctory for decomposed ammonia thruster use.
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T r,-: sits of the l-f- test indicate that an electrically hlited
arnmuonia p: QuIJLion system can be utilized for spacecrait atitude -A o

and station zueoping maneuvers. There were no interfoce problerns en-

countered x.v!•un operating the control electronics, thruster, and zero.-

gravity feed -uystem in closed loop. The final test systerm exhibited the

reliability n.:cessary for long-term spacecraft operation. The total lapsed

time of the ttst, including the demonstration test, was 752 days. During

this time pc:-iou, thdl i --e m was operated in closed-loop for 540 days.
/-

I. 1 'C"'T:.._. ELECTRONICS CONCLUSIONS

The c(:.Atrol electronics demonstrated excellent control nude chxrac-

reristics. :-e one abnormal operating characteristic of the control -'-c

Ltro'ics wa-. shift in null point during the transition from atrmospheric to

v.cuurn env ...;'onrnent. This effect can be eliminated by the use of a matched

pair of FE?";* which are currently available. In addition, a lower current

iM the FET d.i;uit inight increase their stability.

6. 2 THRU SER CONCLUSION

The /'.ýSKS thruster demonstrated high thermal and specific impulse

performance. The thruster reliability was not demonstrated until the

final stage cJ the test program. The results of the thruster failure analy-

,is and matterial conmpatibility test analyses performed during the program

v.*ere succeuzfully applied to thruster design. The composite flow tubes

used on the Final thruster exhibited the required reliability necessary for

siacecraft ajpplication. The results of these analyses als-o were responsi-

ble for the ?volution of the plasma spray technique for attachment of the

flow tubes to the core. By this technique, the composition of the bonding

material ca.N be more nearly matched to that of tho structuaral material.

Also, the riructural component and thruster heater element aze not sub-

jected to the extreme temperature necessary for a satisfactory braze

bonding.

High thruster thermal performance was achieved by the use of

super ibsufl.tion. This type of insulation consists of alternate layers of a

thin, io-.e::-issivity foil, such as molybdenum, and a woven quartz fabric.

One problc-. that %-as encountered with the use of super insulation was
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~~~-)~c ~ , lt n.'inbly C, flhe ineiulatioii package. in several instancea,

e o r, -a r y t'- r ei n suI at e athrueter to obtain the rninimuni potentioii

t lo,ýe f-, pri len of obtaining a reproducible insulation caatr

>c been solv -1 by us!ing- a thinner quartz cloth- thtan that available at

The t0hructer 73_-ign dennonetrated that nearly complete decompo~itiori

c~ ~r~c;ia nee~ aryfor hligh especific impulse performance, could be

a~iv~dby -ain- ",e concept of diffusion-controlled, wall-catalyzed re-

%!_'0u Uae l this,ý coicePt. elimInated the need for a catalyst bed to
13; hgh pc- orrnaxce. T"he delivered specific impulse, and there-

R-::;tho "r ýclz"a'n~oi decornposed in the flow. tubes, of the final

fczmrc..;> cper.atic_, 'ý.'th this th-rvster va- chieved at thrust levels above

th~t req~uired by &thc control sy~tzrn. The. 'a specific I.mpulse can be

nt~n'Aat lowce. t-hruut levels with thrus, ',% having composite flow

talbesr by dccnraasiz the floe'! passage area and increasing the tube length.

'e 61h.-iae's -'rll ?oduc(,th required turbulence in the propellant flow

3u,%-z~ný to ac!hie've ,:l comnpl'ete decomposition.

o. 3 F WEDSMSTM, i ONC LU SIONS

Thn inero-grýý.-ty fe.,'d sy~temn designed for this program performcd

wihn ~ efcaAe; Ihe~hn z entire life test. The fun~ctional feasi-

b-.1tv --f the lpll:: tubis concept for vapor-phaae propellant delivery w-as

(Ietron54,rated by tI,': tect. 'Me propellant delivery systemn accepted either

I U ai d or vipor. ph-a2 .,! ar.-no-nia from the storage tank -,nd supplied vapor

rzeammonia onl,: to the distribution system plen~um.. It performed this

lunction atall flovi Itýmande irnnc3ed by the various control system opera-

t~i3 modlez. in ttd-!?Aion, the pressuire regulation capability, reliability,

a ver,5atility of tlri pressure control circuit/ capillary tube combination

wtexn dein ons trated, The feed 3ystem, supplied the vapor phase propellant

vwithin thke preasurc boand necess-ary for predictable and reproducible

O:~uterpe-:forman :_e,

One iropyovcrmint that could be rrnade in the feed system design is the

incorp~jratian of a 1; ;d-lag network in the electronic s~witch circuit. This

nettwork vok maki_ the Fiwitch ref~pofsive to both delive-ry p~ressure and

7a~o of chbange o! ~kvr pr-essure. The rate sensitivity wyould decrease

72



the diiierence in pressure control band between vapor entering the capil-

lary tubes and liquid.
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I ___________ _____________ ani Technology Divis tou; This report dtwcribes a life test of an attitude control and station. kttpIa rb-"
syeten which uses t.,:~ oelezrically-haated ammonia propulsion system. Ah4pc rn&
&s:ýonia thrtister &r i a zero-grrlr-Iy sawmnia. fee-d system were. operated in respovnse to

'nstW'u of cors-rol electronicA; typical of future military spracecraft. Thi test
11413a ccn~tinuation olf a successful one-z,,nth daionntration test performed as the f izzal

taak of a system &;el-_opuant progr!_aizl-In to-al, the test was continued for a period6 03
7152 days, during 549J days of which the system wat !cparated cloced-loop. T"he feel4
6ystem was ofperati~m-al f~or the -nitire teat periOd. it euctcsfully regulted Afvr

I precsura to within t 3j percent dea~innd uinder a vide variety of envirownAmttO. mad 4uty.
cycle conditions. TAhree dif farr-t frnr-no~zzle thructers werp. testsed, two of iA iclt[ fatled due to sacat--a cec-romion after periods of 5 and 3.-lb2 wvntha. ThA test icg a.et'

j~third thruster waa tea tuated after a 6-zmoth period 6,1 successf ul operetivu.. Mb
wtz=nia corrosion wasz evident. The thruster characteristics Izncluded a dlqaeI hpecif to imptuise at 240 seconds at ISQO'?. A rower level of 14 watts ties -reqv'tr*d to
maintain this tearpzrature with at flow.
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